Abstract: To improve the center segregation of billet for 50CrMo structural alloy steel, a 3D numerical model of solidification and heat transfer process for continuous casting had been established. The influence law of continuous casting process parameters on the secondary dendrite arm spacing (SDAS) and equiaxed crystal ratio had been obtained. It was shown that reducing superheat and casting speed and increasing the secondary cooling intensity could decrease SDAS. Reducing any one of the three parameters could increase the equiaxed crystal ratio. Adjusting only secondary cooling intensity could not make the SDAS and equiaxed crystal ratio change in the desired direction, but regulating the other two parameters could supply this gap. After optimizing the continuous casting process parameters of 50CrMo billet, the defect of center segregation was solved basically.
Introduction
50CrMo steel belongs to one of the structural alloy steels, which demands a large intensity in the material mechanical features; hence the continuous casting billet must have good internal quality and avoid center segregation, porosity, cracks and other defects. Controlling continuous casting process parameters is one of the principal means to ensure quality requirements.
The growth pattern of secondary dendrite arm spacing (SDAS) determines the density degree of billet solidification structure and macrostructure morphology.
SDAS is closely related to the generation of macrosegregation [1] . Besides, controlling center equiaxed crystal ratio affects the degree of macro-segregation in two aspects, which are eliminating "mini ingot" in the solidifying end and dispersing the solute elements of central region. Some researches [2] [3] [4] have shown that the smaller the SDAS, the larger the center equiaxed crystal ratio and the better the segregation improvement effect. However, adjusting certain casting process parameters cannot meet the development of the desired direction. For this reason, how to adjust the continuous casting process parameters to balance the contradiction between SDAS and center equiaxed crystal ratio has a good practical significance for obtaining good internal quality.
There appeared a serious center segregation defect in the cross section of 50CrMo square billet in a certain steel mill. Based on the actual production conditions, a threedimensional numerical model for continuous casting process was established in this paper, and by coupling calculation of temperature field and microstructure in billet cross section, the influence of casting process parameters on the SDAS for columnar zone and equiaxed crystal ratio was obtained. It is proposed by adjusting continuous casting process parameters to balance the contradiction between them to make the center segregation improved effectively.
Establish model and verification of simulation results

Mathematical model CAFÉ model
This paper is based on the CAFÉ model, which is actually a coupled finite element (FE) cellular automaton (CA) [5] . CA is a mathematical model for the description of the nucleation, growth and impingement of equiaxed grains in the solidification process. This model combines the advantages of probabilistic methods with those of deterministic approaches in a single model to more accurately predict the grain structure in castings [6] . To successfully combine macrosimulation and microsimulation, the FE model is introduced, which mainly contains many regular meshes such as triangular and square FE meshes. The FE mesh is used to calculate the heat transfer process, and a much smaller grid (CA cell) is used to calculate the grain growth process [5] . This model has been successfully applied many times for simulating the metal microstructure during solidification processes. The mathematical physics model of CAFÉ is described below.
Heterogeneous nucleation
Assuming that there is more than one type of nucleation site in the solidification model, according to the pragmatic approach of W. Oldfield [6] , the undercooling, d(ΔT), induced a grain density increase, dn, which can be described using a continuous nucleation distribution function, dn/d(ΔT). After taking the extinction of nucleation sites by the growing grains into account [7] , the final equation is as follows:
where n(ΔT) is the total density of grains and f s is the volume fraction of solid already formed.
Dendrite tip growth kinetics
In castings, the total undercooling of the dendrite tip, ΔT, is generally the sum of the following four contributions [8] :
where ΔT c , ΔT t , ΔT r and ΔT k are the undercooling contributions associated with solute diffusion, thermal diffusion, solid-liquid interface curvature and attachment kinetics, respectively. Under normal solidification conditions for most metallic alloys, the last three contributions that appear on the RHS of eq. (2) are small, and solute undercooling predominates. Thus, the growth kinetics of both columnar and equiaxed morphologies can be calculated with the aid of the KGT model [8] . After fitting the KGT model, the final equation is as follows:
where a 2 and a 3 are the coefficients of the multinomial of the dendrite tip growth velocity and ΔT is the total undercooling of the dendrite tip.
Coupling the FE and CA model For the prediction of the grain structure in casting, the CA technique specifically considers the crystallographic anisotropy of the grains and the growth kinetics of the dendrite tips. In order to predict simultaneously the microstructure development as a function of the thermal field and the influence of the latent heat release of the grains on the calculated thermal history, the FE and CA calculations are required combined in a single model. For this purpose, interpolation coefficients are defined between nodal points of FE mesh and CA cells as illustrated in Figure 1 .
The CA cell, ν, with its center in FE I, has non-zero interpolation coefficients Φ νi , Φ νj and Φ νk with FE nodes i, j and k, respectively. These interpolation coefficients allow the determination of temperature at cell locations using those known at the FE nodal points. The same coefficients are used to sum up, at nodal points, the latent heat released by nucleation, growth and the thickening of the dendritic microstructure as calculated at the scale of CA cells.
SDAS model
The SDAS can be calculated according to the following equations [6] :
where c 0 is the composition, t f is the local solidification time, M is a constant which depends upon the alloy properties, Γ is the Gibbs-Thompson parameter, D is the diffusion coefficient, m is the liquidus slope and k is the equilibrium distribution coefficient. The c 0 , m, k and D values for the solute elements are listed in Table 1 . 
Parameters selection
According to the actual production status of a certain steel mill, a numerical model for square billet of cross section 200 mm Â 200 mm was built. The chemical composition of 50CrMo steel is shown in Table 2 . The cooling intensity and operation time of each cooling zone are shown in Table 3 .
Verification of simulation results
Based on the actual cooling intensity of each cooling zone in the continuous casting process, the heat transfer and solidification process were calculated. The simulated results are shown in Figure 2 . For verifying the veracity of the results, the position of the solidifying end was ascertained through pin shooting experiment. The comparison between simulated results and actual measurement data showed that the relative error was within 5% (Figure 3 ). Therefore the simulated results could predict the actual production status accurately to a certain extent.
Influence of process parameters on solidification structure
To take full advantage of the visualization of the simulated results and discuss the different results in convenience, this paper only analyzed the solidification structure of the billet cross section when the solidification was just finished.
Influence of superheat on solidification structure
Based on the actual production status, within the adjustable range of process parameters, choose three temperature spots (35°C, 25°C, 15°C) to calculate and simulate. 
Note: c 0 -the composition of solute elements; m -the partition coefficient of solute elements; k -the liquidus slope of solute elements; D -the solute diffusion coefficient of Fe-X alloys. As can be seen from Figure 6 , with the reduction in superheat, the center equiaxed crystal ratio of billet cross section increases and the SDAS in columnar zone decreases gradually. The detailed results show that when superheat decreases from 35°C to 15°C, the average SDAS decreases by 3.36%, and the center equiaxed crystal ratio increases by 113.2%. As can be seen from Figure 7 , with the increase of secondary cooling intensity, the center equiaxed crystal ratio decreases somewhat, but the SDAS in columnar zone decreases notably. The detailed results show that when secondary cooling intensity increases from 0.15 L kg −1 to 0.35 L kg −1 , the average SDAS decreases by 10.7%, and the center equiaxed crystal ratio also decreases by 13.2%.
Influence of casting speed on solidification structure
Choose the casting speed 1.3 m min . Other parameters keep their original state. The simulated statistical results are shown in Figure 8 .
As can be seen from Figure 8 , with the decrease casting speed, the center equiaxed crystal ratio increases gradually and the SDAS in columnar zone decreases somewhat. The detailed results show that when casting speed decreases from 1.3 m min −1 to 0.9 m min −1 , the average SDAS decreases by 4.0%, and the center equiaxed crystal ratio increased by 28.9%. According to the above simulated results, the influence of process parameters on SDAS in columnar zone and center equiaxed crystal ratio can be summarized as follows: (1) Within the adjustable range of continuous casting process parameters, decreasing the superheat and casting speed and increasing the secondary cooling intensity contribute to decreasing the average SDAS. The most influential parameter is secondary cooling intensity. (2) Reducing any one of the three parameters can increase the center equiaxed crystal ratio and the most influential one is superheat. (3) Neither increasing nor decreasing the secondary cooling intensity can make SDAS and center equiaxed crystal ratio change in the desired direction in common. Therefore first adjust the secondary cooling intensity to decreasing SDAS, then appropriately change the superheat and casting speed to increase center equiaxed crystal ratio.
Combining the relationship between SDAS and partial cooling rate of billet [10] [11] [12] [13] , the analyses of the reason for the influence of process parameters on SDAS show that: (1) the increase of secondary cooling intensity can make the heat carried away by increased cooling water. And the increase of surface cooling rate of billet results in increase of temperature gradient from the inside out, which makes the local cooling rate in the billet to increase and then generates this kind of solidification structure that has a smaller SDAS. (2) In the case of constant secondary cooling intensity, reducing superheat is equivalent to more heat carried away by secondary cooling water, which reaches the same effect in the same way and gets a smaller SDAS. (3) In the case of constant secondary cooling intensity, decreasing casting speed is equivalent to this case that in the same secondary cooling zone length, the billet gets more cooling water and the local cooling rate in the billet increases accordingly, which makes SDAS smaller.
Simulated results after optimizing process parameters
Based on the above research conclusions and the actual production requirements, the parameters superheat, secondary cooling intensity and casting speed were respectively adjusted for 20°C, 0.35 L kg −1 and 1.0 m min −1 .
The comparison of SDAS and microstructure in billet cross section before and after optimization is shown in Figure 9 . The macrostructure of test billet cross section before and after optimization is shown in Figure 11 . As shown in Figure 10 , the average SDAS in columnar zone of billet cross section after optimization
Before optimization
After optimization Before optimization After optimization decreased by 11.7% compared with the original SDAS, and the center equiaxed crystal ratio increased by 135.5%. Figure 11 shows that the center segregation defect was solved basically and the optimization result was ideal.
Conclusions
(1) Decreasing the superheat and casting speed, increasing the secondary cooling intensity contributed to decreasing the average SDAS, and the most influential parameter is secondary cooling intensity. Reducing any one of the three parameters could increase the center equiaxed crystal ratio and the most influential parameter is superheat. (2) Neither increasing nor decreasing the secondary cooling intensity could make SDAS and center equiaxed crystal ratio change in the desired direction in common, but the contradiction between them could get solved through adjusting the other two process parameters. (3) After optimizing the continuous casting process parameters, the average SDAS in columnar zone decreased by 11.7%, and the center equiaxed crystal ratio increased by 135.5%. The center segregation defect got solved basically.
